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Summary
Background: Proteolytic processing of axon guidance recep-
tors modulates their expression and functions. Contact repul-
sion by membrane-associated ephrins and Eph receptors was
proposed to be facilitated by ectodomain cleavage, but
whether this phenomenon is required for axon guidance in vivo
is unknown.
Results: In support of established models, we find that cleav-
age of EphA4 promotes cell-cell and growth cone-cell detach-
ment in vitro. Unexpectedly, however, a cleavage resistant
isoform of EphA4 is as effective as a wild-type EphA4 in redi-
recting motor axons in limbs. Mice in which EphA4 cleavage
is genetically abolished have motor axon guidance defects,
suggesting an important role of EphA4 cleavage in nonneuro-
nal tissues such as the limb mesenchyme target of spinal
motor neurons. Indeed, we find that blocking EphA4 cleavage
increases expression of full-length EphA4 in limb mesen-
chyme, which—via cis-attenuation—apparently reduces the
effective concentration of ephrinAs capable of triggering
EphA4 forward signaling in the motor axons.
Conclusions: We propose that EphA4 cleavage is required to
establish the concentration differential of active ephrins in the
target tissue that is required for proper axon guidance. Our
study reveals a novel mechanism to regulate guidance deci-
sion at an intermediate target based on the modulation of
ligand availability by the proteolytic processing of the receptor.
Introduction
The correct assembly of neural circuits relies on guidance de-
cisions made by growing axons navigating the extracellular
environment. A great variety of axon guidance decisions are
controlled by a rather small number of ligand-receptor sys-
tems, suggesting the presence of mechanisms that amplify
and diversify their outputs. Proteases have been shown to
be important in regulating guidance receptor-ligand expres-
sion and signaling [1], by regulating the number of functional*Correspondence: rklein@neuro.mpg.deguidance receptors on the plasma membrane [2–4], releasing
a functional ectodomain (ECD), which can act as a soluble
axon guidance cue [5], and/or releasing a functional intracel-
lular domain (ICD) with signaling characteristics distinct from
the full-length receptor [6, 7]. The indiscriminate substrate
preference of most metalloproteases and the absence of a
standard ADAM-type protease consensus target sequence
have in part hindered in vivo studies of how cleavage regulates
the function of guidance receptors.
Proteolytic cleavage is also an important component of cell-
cell repulsion mediated by Eph tyrosine kinase receptors and
their membrane-tethered ephrin ligands [8–12]. Cleavage of
Eph and/or ephrin ectodomains is a mechanism to break the
molecular tether between two opposing cells and thereby
allow cell detachment [9–11]. Proteolytic cleavage may there-
fore have an analogous or parallel function to bidirectional
endocytosis of the Eph-ephrin complex to promote cell
detachment [13, 14]. Moreover, cleavage of Eph receptors
was shown to promote repulsive signaling in vitro [12] and to
be regulated by ephrinB interaction [15]. However, the genetic
evidence that Eph or ephrin cleavage directly causes a change
in cellular responses in vivo has been absent.
The navigation of spinal motor axons toward their specific
targetmuscles in thedeveloping limb is anexcellentmodel sys-
temtostudy themolecularmechanismsofephrin-Ephsignaling
in axon guidance. Axons of the lateral population of lateral
motor column (LMC) neurons express EphA receptors and are
repelled into the dorsal limb away from the ephrinA-enriched
ventral limb via ephrinA:EphA4 forward signaling (Figure 1A)
[16–18]. Thefidelityof thisevent is enhancedbyaparallelmech-
anism: EphA receptors, including EphA4, are expressed in the
dorsal limbmesenchyme, where they act as ligands and attract
lateral LMCaxons throughEphA:ephrinA reversesignaling (Fig-
ure 1B) [19–21]. Medial LMC neurons innervate the ventral limb
and express EphA receptors, but they also coexpress high
levelsof ephrinA5 thatcis- inhibitsEphAreceptors, thusmaking
their axons ‘‘blind’’ to the ephrinA-rich ventral limb (Figure 1C)
[20]. The contribution of EphA4 proteolytic cleavage to these
guidance mechanisms has not been investigated.
Here we show that EphA4 cleavage is widespread and
temporally regulated during mouse embryonic development.
By generating a cleavage resistant (CR) isoform of EphA4 we
find that EphA4 cleavage promotes cell detachment in vitro.
However, EphA4CR is as effective as EphA4WT in redirecting
LMC axons in limbmesenchyme, demonstrating that cleavage
of motor axon EphA4 is dispensable for forward signaling
in vivo. Nevertheless, EphA4CR/CRmutant mice display defects
in LMC axon projections. This phenotype correlates with
higher levels of EphA4 and reduced abundance of free
ephrinAs distribution in their limbs. We propose that EphA4
cleavage is a constitutive mechanism that regulates the avail-
ability of ephrin ligands in the target tissue.
Results
EphA4 Cleavage Is Temporally and Spatially Regulated
during Development
Tobegin investigating the role of EphA4 cleavage, we analyzed
the extent of cleavage of endogenous EphA4 in cultured
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Figure 1. EphA4 Cleavage Is Temporally and Spatially Regulated during
Development
(A–C) Schematics showing repulsive ephrinA:EphA forward signaling (A),
attractive EphA:ephrinA reverse signaling (B), and inhibition of trans-inter-
actions by cis-attenuation (C).
(D) Representative western blots of total cell lysates (TCL) or conditioned
media (CM) prepared from E16.5 cortical neurons (2 days in vitro, 2 DIV)
from EphA4+/2 and EphA42/2 embryos as indicated. Samples were probed
with antibodies against the extracellular domain (ECD) of EphA4 (EphA4-
ECD) or FLRT3, as control. EphA4 full-length runs at 120 kDa, EphA4-ECD
(asterisk), and FLRT3 ECD at approximately 75 kDa [5].
(E) Representative western blots of TCLs and CM obtained from wild-type
E16.5 cortical neurons kept in culture for 1 (1DIV) or 7 days (7DIV) as indi-
cated. Blots with TCL samples were probed with antibodies against the
intracellular domain of EphA4 (EphA4-ICD) and tubulin, whereas the blot
with CM samples was probed with EphA4-ECD antibody. EphA4-ICD runs
at around 50 kDa (asterisk).
(F and G) Representative western blots of wild-type (+/+) and EphA42/2 spi-
nal cord (F) and hindlimb (G) lysates prepared from several developmental
stages probed with EphA4-ICD, EphA4-ECD, and tubulin antibodies.
EphA4 full-length runs at 120 kDa, EphA4-ECD at 75 kDa (orange asterisk),
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2356mouse cortical neurons. Conditioned media from EphA4+/2,
but not EphA42/2 cultures, contained a peptide of 75 kDa
that was detected with antibodies raised against the EphA4
ectodomain (referred to as EphA4-ECD) (Figure 1D). Total
cell lysates contained EphA4 peptides of around 120 kDa,
corresponding to full-length EphA4, and of about 50 kDa that
were detected with antibodies raised against the EphA4
intracellular domain (referred to as EphA4-ICD) (Figure 1E
and Figure S1A available online). The relative abundance of
these peptide species changed with prolonged culture times:
the levels of full-length EphA4 in cell lysates decreased after
7 days in culture, the levels of EphA4-ICD remained constant,
and EphA4-ECD accumulated in the conditioned media, sug-
gesting constitutive cleavage of EphA4 under these culture
conditions (Figure 1E).
We also estimated the rate of EphA4 cleavage in tissues in
which EphA4 is known to have important functions [16, 17,
21]. In embryonic spinal cords, the abundance of EphA4-
ECD and EphA4-ICD were modest throughout development
compared to full-length EphA4 (Figures 1F and 1H). In
contrast, the amount of EphA4-ECD in the hindlimbs changed
markedly throughout development and at times was more
abundant than full-length EphA4 (Figures 1G and 1I). Condi-
tional ablation of EphA4 from the spinal cord or the limb indi-
cated that the bulk of EphA4 and EphA4-ECD were produced
by hindlimb mesenchymal cells rather than by ingrowing
axons (Figures S1B and S1C). These data suggest that
EphA4 cleavage in hindlimb is under stronger temporal control
than in spinal cord.
EphA4 Cleavage Regulates Cell-Cell Detachment
Since proteolytic cleavage of EphB2 and ephrins were previ-
ouslyshown to regulate repulsiveguidanceandcell-cell detach-
ment, respectively [9,12],wehypothesized thatEphA4cleavage
would also regulate these processes. To test this, we generated
acleavage resistant isoformofEphA4bynarrowingdownthe re-
gion of cleavage to 15 amino acids (Figures S2A and S2B) and
then by gradually converting them to the corresponding 13
amino acids in the related EphA3 receptor, which is not cleaved
in the samemanner (Figures 2A and 2B and Figure S2C). The re-
sulting isoform was no longer cleaved into EphA4-ECD and
EphA4-ICD and was therefore termed EphA4CR (CR, cleavage
resistant).We confirmed that EphA4CRwas expressed normally
at the cell surface (Figures 2C–2F) andwas phosphorylated to a
similardegreeasEphA4WT in response topreclusteredephrinA5
stimulation (Figures 2G and 2H).
We first asked if EphA4 cleavage were required for the
cellular collapse response typically seen when Eph forward
signaling is induced in transfected cells [22]. To perform live-
imaging experiments, we used mCherry-tagged EphA4, aand EphA4-ICD below 50 kDa (purple asterisk). In spinal cord and to a lesser
extent in hindlimb lysates probed with the EphA4-ICD antibody, there is a
weak 120 kDa band in knockout controls that partially overlapswith the spe-
cific EphA4 band. This nonspecific band is absent from knockout samples
probed with the EphA4-ECD antibodies.
(H and I) Line graphs showing EphA4-ECD levels normalized to full-length
EphA4 in spinal cord (H) and hindlimb (I) lysates from several developmental
stages (mean 6 SEM). Lysates from one embryo at E11.5 and three to four
embryos for all the other developmental stages were analyzed. For the
different developmental stages, except E11.5 (not possible since n = 1),
the ratio of EphA4-ECD and full-length EphA4 were compared using one-
way ANOVA, followed by Bonferroni’s post hoc comparison test (*p <
0.05, ***p < 0.001).
See also Figure S1.
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Figure 2. Generation of a Cleavage Resistant
Version of EphA4
(A) Schematic drawing showing the domain
swapping (red arrow) between EphA4 and
EphA3 to generate the EphA4CR (cleavage resis-
tant) mutant.
(B) Representative western blots of TCLs and
CM obtained from HeLa cells transfected with
EphA4WT and several EphA4 mutants obtained
by site-direct mutagenesis. All the constructs
carried a FLAG-tag in their N-terminal domain,
so the shed ectodomains were detected by
probing the conditioned media samples with a
FLAG antibody. TCL samples were probed with
EphA4-ICD and tubulin antibodies.
(C–F) Representative images of HeLa cells trans-
fected with EphA4WT (C and D) and EphA4CR
(E and F) stained with anti-FLAG antibody before
and after permeabilization to detect surface
(C and E) and total (D and F) expression of
EphA4, respectively. Quantification of surface
versus total ratio did not reveal differences be-
tween the EphA4 isoforms (data not shown).
Scale bar, 25 mm.
(G) Representative western blots of TCLs pre-
pared from HeLa cells transfected with EphA4WT
and EphA4CR and stimulated as indicated. +, ++,
and +++ represent stimulation with 1, 2, and
5 mg/ml recombinant protein, respectively.
EphA4 phosphorylation was assessed using an
anti-phosphoEphA antibody. Full-length protein
and EphA4-ICD were detected using the EphA4-
ICD antibody.
(H) Bar graph showing the levels of
phosphoEphA4 normalized to the total EphA4WT
or EphA4CR. Data represent the mean 6 SEM
of four experiments. Statistical analysis was
done using two-tailed Student’s t test (*p < 0.05,
***p < 0.001). No significant difference is
observed between EphA4wt and EphA4CR.
See also Figure S2.
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2357fusion protein previously shown not to impair forward
signaling [22, 23]. EphA4CR-mCherry behaved similarly to
EphA4CR-FLAG in being cleavage resistant (data not shown).
During the first 2 hr, transfected cells were stimulated with
control Fc, followed by an additional 2 hr with preclustered
ephrinA5-Fc. In response to ephrinA5-Fc, upon increase in
phosphotyrosine signaling, cells reduced their surface area
(Figures 3A–3D; Figures S3A–S3D). EphA4WT-mCherry and
EphA4CR-mCherry did not differ in the extent of collapse in
response to ephrinA5-Fc (Figure 3E), suggesting that EphA4
cleavage does not regulate cell collapse induced by soluble
ephrins.
To test the role of EphA4 cleavage in cell-cell detachment,
we challenged EphA4 expressing HeLa cells with SKN neuro-
blastoma cells, which express endogenous ephrinBs (T. Gaita-
nos and R.K., unpublished data). HeLa cells expressing
EphA4WT-mCherry after the initial contact with SKN cells de-
tached and moved away. This effect was mildly, yet signifi-
cantly, reduced in HeLa cells expressing EphA4CR-mCherry
(p < 0.05, Fisher’s exact test; Figures 3F–3H). Next we asked
if under these conditions cells would compensate by
enhancing the rate of trans-endocytosis, e.g., of EphA4
into ephrinB-expressing cells. SKN cells in contact with
EphA4CR-expressing cells had significantly more EphA4-
containing vesicles than when in contact with EphA4WT-ex-
pressing cells (p = 0.0002, two-tailed Student’s t test; Figures
3I–3K). Both ‘‘donor’’ cells showed comparable EphA4 surfaceexpression (Figure S3E). As expected, EphA4 trans-endocy-
tosis required the presence of the ephrin ligand binding
domain in EphA4 (Figure S3F). These data suggest that
abolishing EphA4 cleavage slows the process of cell-cell
detachment, an effect that is accompanied by enhanced
trans-endocytosis.
EphA4 Cleavage Regulates Growth Cone-Cell Detachment
To assess the role of EphA4 cleavage in axon guidance, we
focused on spinal motor neurons, which are excellent models
of ephrin-mediated axon guidance. We generated an EphA4CR
knockin mouse by inserting the appropriate segment of the
mouse EphA4CR cDNA in frame into exon 3 of the EphA4
gene locus (Figures S4A and S4B), a previously used strategy
[24–26]. Western blot analysis indicated that the mutation
abolished EphA4 cleavage in vivo: in EphA4CR/CR embryos,
the EphA4-ICD and the EphA4-ECD were no longer detected
(Figure 4A; data not shown). Moreover, the CR mutation did
not affect EphA4 expression on lateral and medial LMC motor
axons (Figures 4B–4D; Figures S4C–S4E).
Next, we tested the response to ephrinAs of embryonic
EphA4CR/CR spinal motor axons labeled with the transgenic
marker Hb9-GFP [27]. The collapse responses of GFP+ spinal
motor neurons to a range of soluble, preclustered ephrinA2/
A5-Fc concentrations were unchanged in EphA4CR/CR com-
pared with controls (Figures 4E and 4F). Likewise, live imaging
of cocultured motor neurons with HeLa cells expressing
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Figure 3. EphA4 Cleavage Regulates Cell-Cell Detachment
(A–D) Representative time-lapse images of HeLa cells, expressing equal levels of EphA4WT (A and B) or EphA4CR (C and D) stimulated with 1 mg/ml
preclustered Fc (A and C) or ephrinA5-Fc (B and D) for 120 min. Scale bar, 25 mm.
(legend continued on next page)
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2359membrane-tethered ephrinA5-mCherry revealed normal rates
and timing of growth cone collapse (Figure S4G–S4I). In
contrast, in a growth cone-cell detachment assay, control
axons retracted from the ephrinA5 source in 60% of the
cases, whereas only 18% of EphA4CR/CR axons detached
from the HeLa cells during the 2 hr imaging period (p < 0.01,
Fisher’s exact test) (Figure 4G–4I0; Figure S4F). These results
suggest that cleavage of EphA4 may be a mechanism for effi-
cient detachment of motor axons from membrane-tethered
ephrinAs.
Cleavage of Neuronal EphA4 Is Dispensable for Axon
Guidance In Vivo
Next we tested whether impeding EphA4 cleavage might have
a consequence on axonal forward ephrinA:EphA4 signaling
in vivo. We coelectroporated either EphA4CR or EphA4WT and
a myristoylated GFP plasmid or the GFP expression plasmid
alone in HH st. 18 chicken embryos (Figures 4J–4L [20, 28]),
reasoning that if cleavage were required for forward EphA4
signaling, then the redirection of LMC trajectory induced
by EphA4WT overexpression [17, 18] should be attenuated
by EphA4 cleavage site mutation. Coelectroporation of
EphA4WT and GFP or EphA4CR and GFP expression plasmids
led to similar levels of EphA4 overexpression (Figures S5C–
S5F) and did not result in any significant changes in neuronal
fate (Figures S5G–S5L). Following incubation until HH st. 25/
26, as expected, in EphA4WT-GFP-coexpressing embryos, a
significantly greater proportion of GFP+ axons entered the dor-
sal nerve brancheswhen comparedwithGFP controls (Figures
4M and 4N; p < 0.005, Fisher’s exact test). Intriguingly,
EphA4CR-expressing axons were also present in the dorsal
limb in significantly greater numbers compared with GFP-ex-
pressing axons (Figures 4M and 4O; p < 0.05, Fisher’s exact
test), showing that EphA4CR-expressing axons were as effi-
ciently rerouted to the dorsal limb as EphA4WT-expressing
axons (Figures 4N and 4O; p = 0.33, Fisher’s exact test).
Together, these results demonstrate that cleavage of motor
axon EphA4 is dispensable for forward signaling-mediated
repulsion from ephrinAs in vivo. In further support of this
model, the dorsal funiculus in the spinal cord whose formation
depends on ephrin:EphA4 forward signaling [26, 29, 30] de-
velops normally in EphA4CR/CR mice (Figures S4J and S4K).
Since ephrinA:EphA interaction elicits bidirectional sig-
naling, and since EphA4 cleavage may be a required process
to initiate ephrin reverse signaling, we examined the formation
of the anterior commissure (AC) of the forebrain, which de-
pends on EphA4:ephrinB reverse signaling [26, 30, 31]. The(E) Line graph showing the area changes over time of HeLa cells transfected w
mCherry (red and purple lines, labeled as CR) in response to 1 mg/ml preclus
collapse was scored by measuring the cell area at each time point. Data r
EphA4CR-mCherry Fc, 39 cells for EphA4WT-mCherry ephrinA5, and 29 cells
using two-way ANOVA, followed by Bonferroni’s post hoc test, and is shown
(EphA4CR-mCherry Fc versus ephrinA5); *p < 0.05, **p < 0.01, ***p < 0.001.
(F–G0) Representative fluorescent (F, G) and brightfield (F0, G0) images of HeLa
(EphA4CR) (G) and cocultured with SKN cells endogenously expressing ephrins
by the dashed green and red lines, respectively. Scale bar, 25 mm.
(H) Bar graph showing the percentage of cell-cell detachment (EphA4WT n = 2
using Fisher’s exact test.
(I) Bar graph showing themean6SEMnumber of vesicles per SKN cells (n = 344
contact with EphA4CR-expressing cells). The experiment was repeated four tim
(J–K) Representative examples of HeLa cells transfected with EphA4WT (J) and E
expression of histone2B-RFP). Cells were stained with anti-FLAG antibody b
EphA4, respectively. Cell outlines were labeled by Cell Mask Blue (CMB) sta
color-combined pictures point to endocytosed vesicles. Scale bar, 10 mm.
See also Figure S3.AC formation proceeds normally in EphA4CR/CR mice (Fig-
ure S4L), arguing that EphA4 cleavage is not required to initiate
EphA4:ephrin reverse signaling.
EphA4CR/CR Mice Have Abnormal Spinal Motor Axon
Guidance
In the chick overexpression experiment, EphA4CR-expressing
motor axons navigate through wild-type limbs. In contrast, in
EphA4CR/CR mice EphA4 cleavage is abolished in all tissues,
allowing us to determine whether EphA4 cleavage in the limb
might contribute to spinal motor axon guidance. We injected
rhodamine dextran (RD) into the ventral or dorsal limbs of
EphA4CR/CR and control mice, and we counted the numbers
of neurons colabeled with RD and markers of medial (Islet1)
or lateral LMC subpopulations (Lim1) [18]. In control embryos,
ventral limb RD injections labeled medial LMC motor neurons
expressing Islet1 and a very small fraction of lateral LMCmotor
neurons that express Lim1 (4%6 2% of all RD+ LMC neurons;
Figure 5B). In contrast, in EphA4CR/CR embryos the fraction of
lateral LMC neurons labeled by ventral limb RD injections was
increased more than 3-fold (14% 6 5%, p < 0.05, Mann-
Whitney test; Figure 5C), indicating that lateral LMC axons
were misguided ventrally (Figures 5A–5D). For comparison,
ventral RD injections label approximately 30% of lateral LMC
axons in EphA4 full knockout embryos [21]. In contrast, injec-
tions of RD into the dorsal limb labeled similar proportions
of Islet1-expressing medial LMC neurons in wild-type,
EphA4wt/CR, and EphA4CR/CR mice (Figures 5E–5H). These re-
sults indicate that EphA4 cleavage is required for normal spinal
motor axon guidance and together with the chick overexpres-
sion of EphA4CR argue that EphA4 cleavage in the limbmesen-
chyme has a significant role in this process.
EphA4 Cleavage Inhibition Increases EphA4 Protein
Abundance
To explore the role of EphA4 cleavage in hindlimb, we first
quantified the overall EphA4 protein levels in embryos with
the CR mutation by western blot. Full-length EphA4 was
increased in EphA4CR/CR hindlimb, spinal cord, and forebrain
comparedwithwild-type controls (Figures 6A–6D; Figure S6A).
These effects were not due to the knockin strategy, since they
were not observed in embryos with two copies of knocked-in
wild-type EphA4 cDNA (EphA4wtKI/wtKI) [26] (Figures S6B–
S6D). They were also not caused by changes in EphA4
mRNA levels (Figures S6E and S6F). These results suggest
that EphA4 cleavage constitutes a posttranslational mecha-
nism to regulate the levels of full-length EphA4.ith EphA4WT-mCherry (blue and green lines, labeled as WT) and EphA4CR-
tered Fc (red and blue lines) or ephrinA5-Fc (green and purple lines). Cell
epresent mean 6 SEM of 43 cells for EphA4WT-mCherry Fc, 30 cells for
for EphA4CR-mCherry ephrinA5. Statistical significance was determined
with green stars (EphA4WT-mCherry Fc versus ephrinA5) and purple stars
cells transfected with EphA4WT-mCherry(EphA4WT) (F) or EphA4CR-mCherry
, labeled with cell tracker green. SKN and transfected HeLa cells are defined
4 and EphA4CR n = 22 events observed). Statistical analysis was performed
SKN cells in contact with EphA4WT-expressing cells and n = 365 SKN cells in
es. Statistical analysis was performed as in Figure 2H.
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Figure 4. EphA4 Cleavage Is Dispensable for
Axon Guidance In Vivo
(A) Western blots of E12.5 wild-type (+/+),
EphA4wt/CR (CR/+), and EphA4CR/CR (CR/CR)
forebrain lysates probed with EphA4-ECD and
tubulin antibodies. EphA4 full-length runs at
120 kDa and EphA4-ECD at 75 kDa (asterisk).
(B and C) Immunostaining of E12.5 wild-type (B)
and EphA4CR/CR (C) hindlimb nerves with EphA4
and neurofilament (NF) antibodies. Arrowheads
point to the peroneal nerve, and arrows point to
the tibial nerve. EphA4 expression is higher in
the peroneal nerve. Scale bar, 25 mm.
(D) Graph representing mean 6 SEM of EphA4
staining intensity on E12.5 peroneal and tibial
nerves of wild-type (N = 3) and EphA4CR/CR
(N = 3) embryos. Statistical analysis was per-
formed as in Figure 2H (**p < 0.01).
(E) Representative examples of noncollapsed
and collapsed growth cones from motor neuron
explant cultures stimulated with preclustered Fc
(as a control) or ephrinA2/A5-Fc (1:1 mix). In
green is Hb9-GFP and in red Phalloidin-568 stain-
ing. Scale bar, 20 mm.
(F) Graph represents the percentage of collapsed
growth cones (GC) in controls (wild-type or
EphA4wt/CR) versus EphA4CR/CR embryos. Four
to six explants per condition were analyzed
from four embryos per genotype. For each geno-
type, the percentage of collapsed growth cones
at different conditions was compared using
one-way ANOVA followed by Bonferroni’s post
hoc test. For the control group: Fc versus
0.5 mg/ml ephrins, p < 0.05; Fc versus 1 mg/ml
ephrins, p < 0.001. For the EphA4CR/CR group:
Fc versus 0.5 mg/ml ephrins, p < 0.01; Fc versus
1 mg/ml ephrins, p < 0.01. To compare the two
genotypes, statistical analysis performed done
using two-way ANOVA followed by Bonferroni’s
post hoc test, and there was no statistical signif-
icant difference. Error bars indicate SEM.
(G) Bar graph showing the percentage of axon-
cell detachment (wild-type and EphA4wt/CR n =
26 and EphA4CR/CR n = 33 encounters). Statistical
analysis was performed as in Figure 3H.
(H–I0) Representative fluorescence (H and I) and
brightfield (H0 and I0) images of time-lapsemovies
of wild-type (H and H0) or EphA4CR/CR (I and I0)
neurons (green, Hb9-GFP+) cocultured with
ephrinA5-mCherry transfected HeLa cells (red).
Arrows point to the tip of the axons. HeLa cell
borders are indicated with red dashed lines in
brightfield images. Scale bar, 10 mm.
(J–O) Tuj1 and GFP detection in the limb nerve
branches in the crural plexus of HH st. 25/26 elec-
troporated chick embryos. Quantification of GFP
signals is expressed as percentage in dorsal and
ventral limb nerves (% GFP Fluorescence). Data
represent mean 6 SEM (N = 5 for GFP, N = 5 for
EphA4WT-GFP, N = 9 for EphA4CR-GFP). Statisti-
cal analysis was performed as in Figure 3H. ns,
not significant. Scale bar, 100 mm.
See also Figures S4 and S5.
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2360In embryonic hindlimbs the increases of EphA4CR ex-
pression were most prominent during the period of
motor axon ingrowth (E11.5–E13.5) (Figures 6B and 6D),
raising the possibility that EphA4 cleavage could be trig-
gered by interaction with ephrinAs [15]. However, stimula-
tion of transfected cells expressing EphA4 and of cortical
neurons endogenously expressing EphA4 with different
concentrations of ephrinA5-Fc (see Figure 2G) and withmembrane-anchored ephrinA5, respectively, did not sig-
nificantly increase EphA4-ICD levels (Figures S6G–S6I). To
the contrary, prolonged stimulation of transfected cells
with ephrinA4-Fc significantly decreased EphA4-ICD levels
(Figures 6E and 6F). Together these results suggest that
EphA4 cleavage is ephrin independent and constitutes a
mechanism to persistently regulate the levels of full-length
EphA4.
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Figure 5. EphA4 Cleavage Is Required for Lateral LMC Axon Guidance In Vivo
(A and E) Schematic drawings showing the dorsal (A) and ventral (E) injection sites.
(B and C) Confocal pictures of ventral retrograde tracings in wild-type (B) and EphA4CR/CR (C) E12.5 embryos. Rhodamine dextran (RD) was injected in the
ventral shank of the hindlimb, and sections were stained with Islet1 and Lim1 to label medial LMC and lateral LMC (populations are delineated by dashed
lines), respectively. Scale bar, 50 mm.
(D) Graph represents the percentage of misprojections (neurons positive for RD and Lim1 staining) in relation to all RD-labeled cells in ventral retrograde
tracings of five wild-type embryos and eight EphA4CR/CR embryos. Each dot in the graphs represents one embryo. The black line represents the mean.
Statistical analysis was performed using the nonparametric Mann-Whitney test (*p < 0.05).
(F and G) Confocal pictures of dorsal retrograde tracings in wild-type (F) and EphA4CR/CR (G) E12.5 embryos. Rhodamine dextran (RD) was injected in the
dorsal shank of the hindlimb and sections were stained as above.
(H) Graph represents the percentage ofmisprojections (neurons positive for RD and Islet1) in relation to all RD-labeled cells in dorsal retrograde tracings. The
black line represents the mean. Seven wild-type embryos, four EphA4wt/CR, and seven EphA4CR/CR were analyzed. Each dot in the graphs represents one
embryo.
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Modes of Receptor-Ligand Interactions
How might more EphA4 protein in limbs of EphA4CR/CR mu-
tants influence LMC axon guidance? Higher EphA4 levels in
the ventral limb could attract more lateral LMC axons there,
through EphA4:ephrinA5 reverse signaling [19–21]. Addition-
ally, higher EphA4 levels in the ventral limb could cis-mask
ephrinAs expressed there, thereby reducing the effective con-
centration of free ephrinAs that normally repulses lateral LMC
axons from the ventral limb. To test the latter scenario, we
estimated EphA4 abundance by determining EphA4 immuno-
fluorescence intensity in E11.5 and E12.5 wild-type and
EphA4CR/CR limb sections (Figures 7A–7C; Figures S7A–
S7C). EphA4 levels were significantly increased in dorsal and
ventral hindlimbs from EphA4CR/CR embryos compared with
wild-type controls (Figure 7D; Figure S7D).
Receptor-unbound ephrinAs (ƩephrinAFREE) in tissue sec-
tions are typically detected with recombinant EphA7-Fc pre-
clustered with a fluorescent antibody [18–20, 32]. Before doing
so, we analyzed which parameters determine changes in free
ephrins. When ephrinA5 and EphA4 were coexpressed in
HeLa cells, whereas the amount of surface expression of
ephrinA5 depended only on the total ephrin expression,
the amount of receptor-unbound ephrinAs (ƩephrinAFREE)
inversely correlated with the ratio of EphA4-ephrinA5 in the
cells (Figures S7E–S7M). We did not observe any differencesin the behavior of EphA4CR and EphA4WT, raising the possibil-
ity that in EphA4CR/CR mice the increased levels of full-length
receptor might reduce the levels of ƩephrinAFREE. Indeed,
the amounts of ƩephrinAFREE in the ventral and dorsal mesen-
chyme were significantly reduced in EphA4CR/CR embryos at
both developmental stages examined (Figures 7E–7J; Figures
S7N and S7O). The levels of ƩephrinAFREE in the ventral mesen-
chyme of EphA4CR/CR embryos were comparable to the levels
of ƩephrinAFREE in the dorsal mesenchyme of wild-type em-
bryos, a concentration compatible with ingrowth of lateral
LMC axons (Figures 7H and 7J; two-tailed unpaired Student’s
t test, p > 0.2). Since we did not detect alterations in ephrinA2
and ephrinA5 mRNA levels (Figures S6E and S6F), our findings
suggest that spinal motor axon guidance errors in EphA4CR/CR
mice occur in part through increased EphA4 expression levels
squelching the ƩephrinAFREE concentration differential be-
tween ventral and dorsal hindlimb, arguing that EphA4 cleav-
age is required for the accurate restriction of the distribution
of ephrinA that is capable to initiate forward EphA signaling.
Discussion
EphA4 Cleavage in Cell Detachment and Growth Cone
Collapse
Paradoxically, ephrin:Eph forward signaling that results in
repulsion between ligand and receptor-bearing cells, initially
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Figure 6. EphA4 Cleavage Inhibition Increases EphA4 Protein Abundance
(A and B) Representative western blots of E12.5 wild-type (+/+), EphA4wt/CR
(CR/+), and EphA4CR/CR (CR/CR) spinal cord (A) and hindlimb (B) lysates
probed with EphA4-ECD, EphA4-ICD, and tubulin antibodies. EphA4 full-
length runs at 120 kDa, EphA4-ECD at 75kDa (orange asterisk), and
EphA4-ICD below 50 kDa (purple asterisk). The purple arrowhead points
to a faint band that is unlikely to be a residual shed ectodomain since no
EphA4-ICD is detected, but it might suggest a minimal residual proteolytic
processing of EphA4 in the hindlimb of these mutant embryos.
(C and D) Graphs representing mean 6 SEM full-length EphA4 expression
normalized to tubulin at several developmental stages in wild-type,
EphA4wt/CR, and EphA4CR/CR spinal cord (C) and hindlimb (D). Lysates
from three to five embryos per developmental stage were analyzed. Statis-
tical analysis was performed as in Figure 2H (*p < 0.05, **p < 0.01).
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2362leads to a ligand-receptor complex that bridges the two cells,
de facto increasing adhesion [33]. Repulsion requires that the
initial adhesive ligand-receptor complex is disrupted, and one
way to achieve this is through proteolytic cleavage of ephrin
and Eph ectodomains [9, 10, 12]. Our in vitro experiments on
cells expressing the cleavage resistant isoform EphA4CR pro-
vide support for this model. Although the molecular mecha-
nism underlying cell contact-triggered cleavage of EphA4
remains to be elucidated, our data argue against soluble
ephrins triggering EphA4 cleavage. They suggest that cell-
cell contact is necessary, perhaps to allow EphA4 cleavage
in trans by proteases expressed by the ephrin-expressing
cell. Alternatively, activation of ephrinA reverse signaling
in the opposing cell may trigger signals that ultimately activate
proteases in the EphA4 cell. Our experiments with EphA4CR/CR
motor neurons cocultured with cells expressing ephrinA5
showed normal rates of growth cone collapse, arguing that
cleavage is specifically required for cell detachment and not
for growth cone collapse, similar to our previous observations
on Eph-ephrin trans-endocytosis [14].
In chick, EphA4CR overexpression in spinal motor neurons
redirects them as efficiently as overexpression of the wild-
type isoform. This result was unexpected, since this rerouting
is dependent on ephrinA-EphA4-mediated repulsion that
requires the detachment of motor axons from ephrinA+ limb
mesenchyme. More importantly, together, these experiments
contrast the report that cleavage of the related EphB2
receptor is required for growth cone collapse [12]. It is
unlikely that in chick alternative EphA4 cleavage sites are
used, because our biochemical analysis indicates cleavage
of wild-type EphA4 and lack of cleavage of EphA4CR protein
in electroporated limbs (Figures S5A and S5B). It is also un-
likely that overexpressed EphA4CR protein binds to ephrinAs
in cis on medial LMC motor axons, thereby freeing endoge-
nous wild-type EphA4 that is normally cis masked by
ephrinAs. If this was true, overexpression of signaling-
defective EphA4 should have the same effect and lead to
rerouting of medial LMC motor axons. However, this is not
the case [34]. A more likely explanation could be that the
lack of EphA4 cleavage is compensated by alternative mech-
anisms such as ephrinA cleavage or Eph-ephrin endocytosis.
In fact, we did observe enhanced trans-endocytosis of
EphA4CR into ephrin-expressing opposing cells in vitro (Fig-
ures 3I–3K).
To corroborate the limited role of EphA4 cleavage for for-
ward repulsion, we analyzed another structure whose devel-
opment depends on EphA4-mediated repulsion, the formation
of the dorsal funiculus (DF) in the spinal cord. DF formation de-
pends on proper positioning of EphA4+ spinal neurons at either
side of the spinal cord midline [29], a process that depends on
EphA4 forward signaling [26, 29, 30]. In EphA4CR/CR mice, DF
formation is normal (Figures S4J and S4K), arguing that cleav-
age of neuronal EphA4 is not the dominantmechanism to regu-
late EphA4 forward repulsion in vivo.(E) Representative western blot of TCLs prepared from HEK293 cells trans-
fected with EphA4WT and stimulated with 1 mg/ml soluble preclustered Fc or
ephrinA4-Fc for the indicated times. Samples were probed using EphA4-
ICD, phosphoEphA (pEphA), and tubulin antibodies.
(F) Bar graph showing the levels of EphA4-ICD normalized to EphA4 full-
length expression in cells stimulated as described in V. Data represent
mean 6 SEM of six experiments. Statistical analysis was performed as in
Figure 2H.
See also Figure S6.
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Figure 7. EphA4 Cleavage Regulates the Balance
of cis or transModes of Receptor-Ligand Interac-
tions
(A and B) Representative images of E11.5 wild-
type and EphA4CR/CR hindlimbs stained with
EphA4 and neurofilament (NF) antibodies. Arrow-
heads point to the peroneal nerve, and arrows
point to the tibial nerve. Yellow stippled lines indi-
cate the segment that was analyzed to determine
EphA4 levels in the hindlimb, and blue stippled
lines indicate the dorso-ventral border of the hin-
dlimb. Scale bar, 100 mm.
(C) Representative line graph showing EphA4
staining intensity along the yellow lines in (A)
and (B). The x axis represents the distance (pixel)
from the most dorsal point of the stippled yellow
lines. The black line indicates the dorso-ventral
border.
(D) Bar graph showing the mean 6 SEM EphA4
staining intensity in wild-type (N = 5) and
EphA4CR/CR (N = 8) embryos plotted as the
average intensity in the dorsal and ventral
shanks. Statistical analysis was performed as in
Figure 2H.
(E and F) Representative images of EphA7-Fc
overlay (ƩephrinA) on cryosections from E11.5
Hb9-GFP+ wild-type (E) and EphA4CR/CR (F) em-
bryos. Yellow stippled lines indicate the segment
that was analyzed to determine EphA4 levels
in the hindlimb, and the blue stippled line indi-
cates the dorso-ventral border. Arrowheads point
to the peroneal nerve, and arrows point to the
tibial nerve. Scale bar, 50 mm.
(G and I) Representative line graphs showing
EphA7-Fc overlay staining intensity measured
along the yellow lines depicted in (E) and (F)
[E11.5] (G) or in Figures S5K and S5L [E12.5] (I)
in wild-type and EphA4CR/CR cross-sections.
The x axis represents the distance (pixel) from
the most dorsal point of the stippled yellow lines.
The black line indicates the dorso-ventral border.
(H and J) Graph showing the mean 6 SEM
EphA7-Fc overlay staining intensity in E11.5 (H)
and E12.5 (J) wild-type (E11.5 N = 5, E12.5
N = 8) and EphA4CR/CR (E11.5 N = 8, E12.5
N = 9) embryos plotted as average intensity in
the dorsal and ventral shank. ns, not significant.
Statistical analysis was performed as in Fig-
ure 4D.
See also Figure S7.
EphA4 Cleavage Regulates Motor Axon Guidance
2363
Current Biology Vol 24 No 20
2364EphA4Cleavage and Spatial Restriction of ephrinAActivity
The EphA4CR mouse mutation abolishes EphA4 cleavage in all
tissues and results in more lateral LMC axons entering the
ventral limb. What is the underlying mechanism? One possibil-
ity could be that EphA4CR is unable to initiate ephrinA reverse
signaling, which normally attracts lateral LMCaxons in the dor-
sal limb [19–21]. We consider this a rather unlikely possibility,
since the anterior commissure of the forebrain, an axon tract
whose development is mediated by EphA4:ephrin reverse
signaling [26, 30, 31], is normal in EphA4CR/CR mice (Fig-
ure S4L).We also exclude a role for elevated EphA4 expression
in the dorsal limb of EphA4CR/CR embryos, since this would in-
crease EphA4:ephrinA reverse signaling and result in more
axons entering the dorsal limb [19–21], which is opposite to
the phenotype observed in EphA4CR/CR mice.
Another important mechanism that controls Eph signaling
is cis-inhibition of EphA4 by coexpressed ephrinAs [35, 36].
Previous work showed that raising EphA4 levels in motor neu-
rons leads to ephrinA cis-attenuation and abolishes ephrin-
Eph trans-interactions [32]. Our analysis of EphA4CR/CR mice
suggests that cis-attenuation in the target tissue is a likely
explanation for the observed lateral LMC misrouting. We pro-
pose that the increased levels of full-length EphA4 in the hin-
dlimbs of EphA4CR/CR mice mask ephrinAs in cis and thereby
reduce ligand availability for trans-interactions. Thus, our
findings suggest that cleavage of EphA4 in the target tissue
is a mechanism for the accurate distribution of its signaling-
competent ligand. Contrasting this observation, previous
reports have described cell-autonomous protease functions
to regulate DCC or PlexinA1 receptor availability on axons
[2, 4, 6]. One recent report exploring the molecular mecha-
nism of axon guidance cue distribution has implicated dystro-
glycan modification via glycosylation [37], but our findings are
the first example of receptor cleavage controlling ligand dis-
tribution variegating the repertoire of protease functions in
axon guidance. More generally, our data add protease-medi-
ated receptor cleavage to the expanding portfolio of strate-
gies that diversify the outputs of a relatively small number
of axon guidance ligand-receptor systems, which have yet
to match the complexity of neuronal connections in our ner-
vous system.
EphA4 Cleavage Is a Constitutive Mechanism to Regulate
Full-Length EphA4 Expression
Contrary to what was described so far for other Eph receptors
[15, 38], we find that ephrin stimulation has little effect on
EphA4 cleavage in cultured cells. We propose that proteolytic
cleavage of EphA4 is a constitutive posttranslational mecha-
nism to regulate full-length EphA4 expression, independently
of ephrinA-engagement. Whether proteolytic cleavage oper-
ates in parallel to other mechanisms such as local translation
[39] or involves negative feedback loops, such that the cleaved
EphA4-ICD lowers EphA4 production, remains to be estab-
lished. It would also be interesting to explore if the released
EphA4-ECD is bioactive, e.g., as an antagonist of Eph-ephrin
signaling.
In summary, our findings establish EphA4 cleavage as an
important regulator of axon guidance in vivo by regulating
the availability of free ephrinAs in the axon intermediate target.
It remains to be shown whether adult functions of EphA4 such
as the regulation of neuronal plasticity and spine growth are
modulated by cleavage and whether EphA4’s role as disease
modifier of amyotrophic lateral sclerosis depends on proteo-
lytic cleavage [40–42].Experimental Procedures
Animals
Hb9-GFP,Prx1-cre,Nestin-cre,PGK-cre,EphA4lx,EphA4wtKI, andEphA42/2
mice have been described previously [26, 27, 43–46]. EphA4CR knockin mice
were generated as described in Kullander et al., 2001 [26]. All the mutants
were maintained in a comparable mixed 129/Svev 3 C57Bl/6 background.
Fertilized chick eggs (Couvoir Simetin) were stored for a maximum of
1week at 18Cand then incubated at 38Cand stagedaccording to standard
protocols [28]. Animal procedures were approved by the institutional animal
safety representative.
Retrograde Tracings
E12.5 embryos were eviscerated and kept in DMEM/F-12 medium (Invitro-
gen) aerated with 5% CO2/95% O2. A 6% lysine-fixable tetramethylrhod-
amine-dextran (molecular weight 3000, Invitrogen) solution in PBS with
0.4% Triton X-100 was injected into the ventral and dorsal shanks of the
hindlimb and allowed to diffuse for 6 hr at room temperature. Images were
acquired with an Olympus FV1000 confocal microscope using a 203
objective. Statistical analysis was done using the nonparametric Mann-
Whitney test.
Primary neuronal cultures, immunostaining, live imaging, chick overex-
pression, and western blot were performed as described in [20, 47, 48].
See the Supplemental Experimental Procedures for a more detailed
description.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.cub.2014.08.028.
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